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1. Introduction and Literature Search

1.1 Justification for fault tolerance in robotics

Robots are finding new applications in critical space, nuclear, and underwater tasks. These tasks are being
driven by the need for maintenance and construction operations to be performed in areas where it is
hazardous for humans to work. While current advanced laboratory manipulators are capable of successfully
completing many of the tasks, it is difficult to convince mission planners to rely on robot completion of
critical tasks. This lack of confidence necessitates expensive preparations for possibly dangerous human

intervention.

One reason for this lack of confidence is the fault tolerance of most existing laboratory robot designs.
Classically designed serial manipulators contain many single point failures. Failures can lead to the
inability of the robot to complete the assigned tasks or, if not handled properly, robot runaway. In the
robot engineer’s efforts to demonstrate the ability of the robot to complete a candidate task, the inclusion of
fault tolerance in the robot design or control system is normally an afterthought. The lack of fault tolerance
in the resulting robot system can lead to spectacular failures further reinforcing the user’s decision to make

robotics an expensive convenience, not a necessity.

The ability to implement advanced machine intelligence which can guarantee high level task completion is
beyond the scope of current technology. However, the ability to monitor robot systems to check for
mechanical or electrical failures is possible. If properly designed, robot systems can detect and recover from
many failure modes. The key is that the robot mechanisms must be properly designed. A fault tolerant
control system added at the last minute can do little make a robot fault tolerant without proper sensor

information and robot mechanical ability.

Robot manipulator designs can incorporate redundant sensors and actuators and can be kinematically
designed to continue operation after joint failure. Most of these techniques require new robot designs or
major modifications to existing designs. In practice, it is sometimes advantageous to use an existing,
proven robot design. A new, fault tolerant design can be failure prone due to minor faults that have been
fixed in existing designs. Existing designs may already be operational or in late planing stages. The cost
of significant changes in these designs to incorporate fault tolerance using existing techniques can be

prohibitive.
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One failure mode that has received little attention is joint position sensor failure. While joint position
sensors are arguably the most important type of sensor in robot designs, their failure has been dismissed as
easily compensated for by the inclusion of backup position sensors. While including backup position
sensors is effective, it can force major changes to optimized robot joint designs. Unfortunately, this chapter
will show that other existing techniques for joint position determination, while adequate for instantaneous
failure detection and identification, are not practical for extended use in unstructured environments. The
trivial solution to this problem to lock the joint with the failed sensor as the control system would do with
a failed actuator. Since the existing robot is not kinematically optimized for fault tolerance needlessly
locking a joint can be disastrous to the robot’s ability to complete a task. As a result, position feedback
adequate for continued operation of the failed joint is even more essential in existing robot designs than in

fault tolerant designs.

The goal of this dissertation is to propose a new method for joint position determination and develop a
control system capable of satisfactory operation during position sensor failure. Several key problems must
be solved by the proposed system:

1. The sensors required by the proposed system must currently be incorporated in advanced
robot designs or be proven sensors which can be incorporated into robot designs without
major changes to the robot system

2. The proposed system must be suitable for extended use in unstructured environments

3. The control system must be stable without position sensor feedback and track desired
trajectories adequately with the feedback from the backup sensors

4. The incorporation of fault tolerance should not significantly degrade performance during
normal operation

5. The control system must be implementable on reasonable computer hardware

An important consideration in developing techniques for sensor based control is the performance of the
control algorithms on a real system with real sensors. Unexpected sensor effects in real systems can
invalidate control laws that worked well in simulation. All new algorithms developed in this dissertation
will be experimentally tested on an advanced robot system of the type that would be considered for fault
tolerant modifications.

Sections 2 through 5 of this chapter will detail the state of the art in fault tolerant and robust design
techniques. Special emphasis will be given to the applications of joint torque sensors and Cartesian
accelerometers in robotics. Section 6 will introduce the proposed position sensor fault tolerant control
system utilizing virtual passive joint control for stability and two methods utilizing accelerometer feedback
for joint position determination without integration.
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1.2 General purpose fault tolerance

Fault tolerance is a necessary part of critical dynamic systems. The fault tolerance process can be divided
into two major components. First, a fault must be detected and identified by the system. The system
must then decide how to recover from the fault and implement the appropriate actions.

1.2.1 Failure detection and identification (FDI)

Once a fault occurs, it must be detected and isolated before it can be corrected. A good overview of FDI
techniques can be found in a text by Patton et al. [1]. To determine whether a fault has occurred, the
effects of the fault must be observable. For example, if a motor is supposed to turn at 1000rpm, a sensor in
the system must be able to detect that the motor is turning at that speed. The simplest way to accomplish
this task is to place a tachometer on the motor and directly monitor the motor’s speed. As the number of
system states that must be monitored increases, the number of sensors required for direct monitoring can
become impractical or some states may not be directly observable. These problems lead to using analytical
methods to observe the system states that must be monitored. These analytical methods incorporate a
system model along with available system outputs to produce the appropriate quantities. Techniques
include banks of Kalman filters and Leunberger observers [2], parity space approaches [3], and parameter
estimation techniques [4]. These methods determine a residual, the difference between observed and desired
system states. Unfortunately, due to errors in the system model used to determine the residual, a non-zero
residual does not imply a system failure. Several authors have proposed techniques for robust residual
generation [5,6,7,8]. Limiting the number of false alarms due to modeling errors is currently one of the

main emphasis of FDI research.

1.2.2 Fault recovery

Once a fault has been identified, the operator or control system must determine how to handle the fault.
The main choices are to halt the appropriate parts of the system or to use other means to bypass the fault
and continue operation. To be able to continue operation, the system must have some redundant
characteristics. Direct redundancy, such as backup amplifiers, sensors, or motors, can be built into the
system. When a failure occurs, the system is switched to the backup device. Direct redundancy, while
very effective, can be expensive and difficult to implement because each critical system must have a backup
system capable of replicating its outputs. A more complex method of failure recovery involves exploiting
the analytical redundancy in a system. An example of an application utilizing analytical redundancy in a
multi-engine aircraft would be using differential engine thrust to control airplane yaw instead of a failed

rudder. The use of analytic redundancy requires that the control system be reconfigured to utilize the
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working components to perform the task of the failed components. Work on reconfigurable control systems
can be found in [9,10,11,12,13].

1.3 Robot fault tolerance

Existing general purpose FDI and fault recovery techniques can be applied to robot systems. Due to the
highly nonlinear nature of robot systems, some general purpose methods become cumbersome quickly.

The following sections detail specific applications of fault tolerance in robot systems.

1.3.1 Robot joint failure detection and identification

Direct measurement of joint position and velocity is built into most robot systems. As a result, the
control system can monitor the joint actuators to determine if they are performing as commanded. A
problem occurs in this direct measurement when the system is moving. Due to errors in the control

model, the robot may not track the desired trajectory exactly. The FDI system must be able to determine if
this error is due to a failure or a control error. Choosing constant, large acceptable error bounds to reduce
false alarms during movement will reduce the effectiveness of the FDI system. Horak [14] proposed a
method to determine allowable tracking errors in general dynamic systems due to bounded modeling error.
The complex nature of robot systems makes this method computationally intensive. Exploiting the
structure of the robot control equations, Visinsky et al. [15] developed an efficient method to determine
acceptable dynamic tracking errors due to modeling errors.

Parameter identification methods can be used in robot fault detection. An example of this application can
be found in Feryermuth [16]. The author uses on-line parameter identification techniques to compare actual
parameters such as link inertia, link mass, and drive friction with previously computed quantities. The
author then relates changes in these parameters over time to faults in the robot systems such as drive train
distortion, motor heating, overloads (dynamic and static), and brake defects.

In another paper by Visinsky et al. [17], the authors introduce some limited analytical sensor redundancy.
To monitor motor and sensor faults, the authors compare sensed position and sensed velocity, sensed
position and computed acceleration, sensed velocity and computed acceleration, and sensed velocity and
computed jerk. By determining which of these quantities are outside acceptable error bounds, this
technique will allow for the isolation of the failed sensor or actuator.

1.3.2 Robot joint failure recovery
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When a robot joint failure occurs, the control system has three options. If the failure is not recoverable, i.e.
is the robot does not have the direct or analytical redundancy to continue to operate, the control system
must halt the task. If direct redundancy exists, the control system can switch to the backup system and
continue the task. If analytical redundancy exists, the control system can be reconfigured to use other joint

actuators or sensors to complete the task.

Development work has been done on joint designs that incorporate direct actuator redundancy [18]. In
these designs, the innovative work is in reducing the weight and size of the redundant actuator package
while maintaining performance. If a robot design does not incorporate directly redundant actuators, another
option is presented by Bergerman and Xu [19]. Assuming the failed actuator is not frozen and a joint brake
is available, the authors present a variable structure based control system to treat the failed joint as a
passive actuator and control its movement by dynamic effects.

If the joint is locked, the kinematic design of the robot will determine if it can still complete a task given a
set of locked joints. Several papers present an analysis of crippled robot motion and discuss techniques to
design redundant and non-redundant robot kinematics to allow for specific task completion [20,21,22,23].
Paredis et al. [21] described techniques for fault tolerant robot design given a set of trajectory points a robot
must be able to reach. Paredis and Khosla [24] presented global trajectory planning algorithms to avoid
unfavorable joint robot positions for fault tolerant manipulators before and after failure occurs. When the
decision is made to lock a joint, the control system must be reconfigured. This reconfiguration will change
the manipulator parameters resulting in a control discontinuity that could effect the current end-effector
trajectory. Two papers by Ting et al. [25,26] detail methods to reduce this reconfiguration error. Since the
other joints in the system must produce the torque required to complete the task in this failure recovery
mode, it is possible that some joints could be called upon to produce more torque than they are capable.
Ting et al. [27] presents a method to properly redistribute the torque in kinematically redundant
manipulators during failure.

Another approach to joint failure recovery is to make the robot modular. This modularity will allow joints
to be added and removed as necessary to bypass joint failures. The design of the Reconfigurable Modular
Manipulator System is discussed in [28] and [29]. In Kelmar and Khosla [30], the authors present a
method to automatically determine the forward and inverse kinematics of the reconfigured robot. The new
control system for the reconfigured manipulator can be implemented quickly and efficiently using the
Chimera real time operating system [31] in conjunction with the Onika graphical programming
environment [32].

The robot control system must have a high level control strategy to implement a fault detection and

isolation process and, when the fault is found, a fault recovery procedure. Visinsky et al [17,33] propose a
layered approach to the high level control. On the highest layer, the authors propose an expert system
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based supervisory system to reconfigure the system given inputs from the fault detection layer and the robot

servo layer.

1.4 Robust Control

Robust joint control methods can be important to fault tolerant architectures. If a robot joint is locked
during failure, the two links to which it is attached must be treated as one. Since the original links
contained modeling errors in their dynamic parameters, the dynamic parameters of the new link can have an
even greater modeling error. Several texts and survey papers have summaries of existing techniques
[34,35,36]. The most popular robust control algorithms employ versions of the computed torque
controllers, variable structure controllers, and adaptive controllers. Each controller type has its own
advantages. Computed torque variations are the most popular and are very effective. However, large gains
may be required to obtain robustness. Variable structure controllers, while in theory robust to parameter
variations, require control switching that can excite high frequency modes and are not fully realizable in real
systems. Adaptive controllers require some time to improve the initial parameters and, as a result, are best

suited to repetitive operations.

1.4.1 Applications of torque sensors in robust control

Although joint torque sensors have become an integral part of advanced robot designs, their range of
applications has been limited. Their primary uses are to verify joint torque commands and to implement a
torque controller to allow for better torque command tracking. Some attempts have been made to use all
joint torque sensors in the robot system along with the manipulator Jacobian to control end-effector forces.
This force control method proves inferior to end-effector force sensor based methods due to modeling errors

and the usually lower resolution of joint torque sensors.

An innovative application of joint torque sensors is in the area of robust control. Papers by Kosuge et al.

[37] and Imura et al. [38] advocate using torque sensors to decouple the torque required to drive the joints
from the torque required to move the links. In these implementations, joint motor parameters determine

the portion of the torque command required to make the motor respond to a joint position trajectory while
the torque sensor determines the resistance caused by the link to the joint motion. That sensed resistance
is added to the torque required to drive the joint motor to form the complete torque command to the joint.
Both methods only consider direct drive joints. Problems with the methods include the simplicity of the

joint model used and joint torque sensor effects such as bias, hysteresis, and noise.
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1.5 Position sensor fault tolerance

Most robot control techniques, with the exception of pure force or velocity based control, are dependent on
accurate joint position sensing. As a result, a fault tolerant manipulator must have a FDI and failure
recovery strategy for its position sensors. The most basic method of accomplishing the FDI task is to
build directly redundant position sensors into the joint. Analytical redundancy between joint position and
joint velocity sensors can also be exploited instantaneously as detailed in Visinsky et al. [17] for FDI. If
the robot end-effector can be tracked, then a deviation from the trajectory calculated from the joint sensors
and that determined from the end-effector tracking would imply a joint sensor failure. This method is
problematic due to the difficulty of accurate end-effector tracking in unstructured environments, possible
problems in identifying which joint sensor is in error (especially in redundant robots), and the slow update
rate of some tracking methods.

After a joint position sensor failure is identified, a recovery process must be undertaken. If directly
redundant position sensors are available, then control is switched to the redundant sensor and operation can
continue. However, if only analytical redundancy exists, then the reconfiguration decision is more difficult.
While joint velocity sensors can be used instantaneously to detect joint position sensor failure, integrating
the sensed velocity over time will lead to an unacceptable position offset. The difficulty of end-effector
tracking in unstructured environments and its slow update rate make end-effector tracking an unsuitable
candidate to generate position feedback. Although reasonable methods exist to determine if joint position
sensor failure has occurred using analytical redundancy, there does not appear to be a satisfactory method to
continue operation after a joint position sensor failure without direct sensor redundancy. It would be
advantageous to have a system internal to the robot utilizing analytical redundancy that provides joint
position data at a high rate for FDI and failure recovery.

If a robot joint loses all position information, there is no other choice but to lock the joint in its current
position, at least temporarily. At that point, hopefully some experiments can be conducted to verify the
final joint position and some crippled operation can continue. The locking of the joint is usually
accomplished by engaging the joint brake. Unfortunately, some robot designs do not incorporate joint
brakes and joint brakes can fail. If the joint position information will be available from a recovery method
that takes a few seconds to calibrate or is intermittent from a partially failed sensor, repeatedly locking and
unlocking the joint brake can lead to unwanted vibrations and other wear on the joint drive. It would be
advantageous to have a controller that could stabilize a robot joint without position information and would
not unnecessarily shock the system or otherwise degrade performance when active. Such a controller could

be activated whenever position information was suspect.
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In the situation that a position sensor failure is detected but the failure is diagnosed as a position offset or
the recovery method has an offset problem, if the offset is not exactly known control stability problems
could occur. Most robust control designs are not designed to deal with position error. Due to the high
gains that some controllers use to overcome parameter error, the controllers could be especially susceptible
to position error. The current robust control methods that utilize joint torque sensors could be resilient to
any errors caused by unknown link position due to their direct sensing of link static and dynamic effects
instead of relying on position dependent model calculations.

1.5.1 Applications of accelerometers in position sensor fault tolerance

Accelerometers have found applications in such diverse fields as automotive safety [39,40] and control of
space structures [41]. Accelerometers have also found applications in robotics. The main use of
accelerometers in robotics has been in flexibility control [42,43,44]. Accelerometers have also been used in
system identification [45], runaway detection [46,47], orientation measurement in cooperation with
inclinometers [48], and sensing slip in grasping operations [49]. Of these applications, only the runaway
detection and orientation measurement applications relate to fault tolerance. While the accelerometer based
runway detection systems are efficient in detecting rapid joint runaway conditions, they have problems with
slow drifts and provide no method to recover from the runaway condition. Orientation measurement relates
to fault tolerance in that it could be used to compare the sensed orientation of robot links with the
orientation calculated from position sensors for FDI. In the orientation measurement application, the
accelerometers are utilized only for high frequency components of the orientation. An inclinometer provides
steady state and low frequency information canceling drifts and offsets caused by the double integration of
the accelerometer information. Problems with the double integration of accelerations to obtain positions
due to various sensor effects has limited the utility of accelerometers in position sensor fault tolerance.

1.6 Research problems to be solved in dissertation and contributions

This literature search has identified that joint position sensor fault tolerance is an essential characteristic for
robust robot controller design. While currently available methods can be used to detect and identify joint
position sensor failure, without direct sensor redundancy there is no satisfactory method to recover from the
failure. It would be advantageous to have system internal to the robot utilizing analytical redundancy that
provides high rate joint position data for FDI and failure recovery. The goal of this dissertation is to
provide a practical method for continued operation during joint position sensor failure. An effort was made
to verify all theory in this dissertation on a real system. To that end, Chapters 2 through 7 of this
dissertation contain three related pairs chapters, one with theory and simulation and the second with
experimental results.
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The predominate joint position sensors used in robotics currently, optical encoders and inductive resolvers,
provide the most noise free, accurate, directly measured position information currently available. Any
analytical method developed will be nosier, less accurate, and more susceptible to bias error. As a result,
the joint controller will need to be robust. Analytical methods could require some startup time after a
failure is detected. As a result, the controller must be able to tolerate the sudden, temporary loss of
position data without instability. If the loss of position data continues and if the joint is not equipped with
a joint brake, the controller should attempt to slow the joint to a stop and attempt to resist further
movement to allow for continued operation of other joints. ldeally, this controller would have other
beneficial qualities that would enhance operation of a joint with an operational joint position sensor.
Chapter 2 of this dissertation will present a controller with all the desired properties based on joint torque
sensor feedback, a linear joint model, and virtual passive control. Chapter 3 will explore the characteristics
of this controller on three joints of a laboratory manipulator. In chapters 5 and 7, up to six joints of the
manipulator will be controlled by this new method with position feedback of varying quality.

Although the controller developed can stabilize a joint without position feedback, it cannot servo to a
position without position feedback. A method to provide joint position during sensor failure is still
required. Utilizing double integration, perfect accelerometers would be ideal for this purpose. Current
accelerometer designs are small, require little power, and are easily incorporated into existing robot
designs. Unfortunately, sensor effects such as noise and bias make the double integration based technique
impractical. This dissertation will develop two techniques for using accelerometers to determine joint
position without integration. The first technique is a joint specific method presented in chapter 4.
Experimental results obtained by instrumenting three joints of a laboratory robot are presented in chapter 5.
Usage of this method in both FDI and failure recovery is discussed. The other position determination
method is a system wide method discussed in chapter 6. This method reduces the amount of
accelerometers required for fault tolerance over the joint specific method but has increased computational
complexity and reduced convergence properties. Chapter 7 details experiments conducted using the system
wide method to provide fault tolerance to different sets of up to three simultaneously failed position sensors
in both FDI and fault recovery. These techniques utilize the robot kinematic equations and a known
acceleration field. Computational methods for real-time implementation of these techniques are also
presented.

Existing fault tolerant control systems can incorporate the new controller and position determination
methods. The position determined by the joint specific or system wide methods can be used by existing
FDI methods to determine if a joint position sensor has failed. At failure, the fault tolerant control system
decides if recovery is possible given the characteristics of the system and the task. If recovery is possible,
the position determined by the either accelerometer based algorithm can be used along with the virtual
passive based torque controller to continue operation as shown in this dissertation. The scope of this
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dissertation does not include the advancement of FDI or reconfiguration techniques. The goal is to produce
a sensor/controller combination with the desired characteristics to provide for continued operation without

joint position feedback utilizing existing FDI and reconfiguration techniques.

The research contributions presented in this dissertation will be:

1. The design, development, and experimental testing of a virtual passive joint torque controller which
improves position tracking performance during normal joint operation without a complex dynamic
model and can stabilize a robot joint without position feedback.

2. The design, development, and experimental testing of a joint specific method of determining joint
position using Cartesian accelerometers without integration for FDI and the integration of the joint
specific position determination method and the virtual passive torque control method for failure
recovery.

3. The design, development, and experimental testing of a system wide method of determining joint
position using Cartesian accelerometers without integration for FDI and the integration of the system

wide position determination method and the virtual passive torque control method for failure recovery.
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2. Dissipative Controller Design for Robot Systems Using Joint

Torque Sensors and a Joint Model

2.1 Introduction

Control of robotic systems is a difficult problem due to the nonlinearity of the complex system equations.
Several techniques to control these nonlinear system equations have been studied. Some methods, such as
Jacobian linearization[50] and pseudolinearization[51], have attempted to linearize the system and apply
classical linear system control techniques to the problem. These methods are only valid close to a
linearization point or trajectory. The feedback linearization[52] technique attempts to linearize the
equations over a large workspace and has been popular in the robotic control literature for some time.
Feedback linearization requires good knowledge of the system parameters and states, else some of the
nonlinearity will not be canceled out. Variable structure control is a purely nonlinear control method
which has been a popular research topic[53]. Although variable structure control is robust, the fast
switching required by the controller to maintain this robustness is difficult to achieve without chatter.
These are only a few of the many control methods that have been applied to robot systems.

The main reason for the nonlinearity in the equations is the need to calculate the dynamic effects on the
structure. Controlling the nonlinear plant based on the full dynamic equations is not the only method for
controlling a multi-body dynamic system such as a robot manipulator. If the joints have a torque sensor
along the drive axis, the problem can be reduced to controlling the individual joint dynamics. Work in
this area has been published recently[37,38]. These methods use known, mostly linear, electric motor
driven joint models to control joint acceleration and velocity. These methods still require measurement of

joint position and velocity to compute the control inputs.

Passivity based control methods have been applied to multi-body dynamic control in robotics [54,55] and
vibration control of space structures[56]. The problem with the basic passivity control approach is that it
requires velocity feedback. The virtual passive dynamic control approach [57] has been successful in
stabilizing systems with displacement, velocity, or a combination of acceleration with displacement and
velocity feedback.

This chapter develops a method to stabilize a robot manipulator with joint torque sensors without directly
measuring joint position, velocity, or acceleration. The torque sensor output will be used in conjunction

with a simple joint model and the virtual passive dynamic-based control technique to quickly dissipate the
kinetic energy in the robot system. A Lyaponov stability proof will be presented for the control technique.
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The robustness of the system will be discussed and simulations of the control system will be shown.

Chapter 3 will discuss experimental results.

2.2 Dynamic Model

The following derivation is based on a model of a direct drive, electric motor driven, revolute joint with an
output torque sensor presented in Kosuge[37]. This joint is assumed to be part of a serial linkage
consisting of other revolute joints and rigid links. The structure of the proposed joint is shown in Fig.

2.1. Each joint is assumed to have two parameters, rotor inertia and viscous friction.

link i
8 l/\_u |
I
&ik
Rotor \ Sat
link i-1 I~ aor

Figure 2.1: Diagram of proposed direct drive joint

Paraphrasing the development in Kosuge[37], the model of the joint is determined by applying a Newton-
Euler iterative dynamics[58] approach to a rigid, serially linked structure with revolute joints. This
derivation included the motor inertial and viscous friction terms. The full equation for the joint torque was
computed. The terms required to compute the torque were divided into three groups: terms which depend
only on the i" joint, terms depending on other joints which effect the i joint, and terms that involve link
inertias, masses, and lengths. All equations in this chapter are given in the robot base coordinate system

for consistency with Kosuge. The joint torque model resulting from this derivation is found in Eq. (2.1).

T, =mB +1g +v6 + 1, (21)
M = A2 MA (2.2)
m =2z M,z (2.3)
W = W4 +76, (2.4)
W = @y +740, + Wy X (z-10)) (2.5)
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fi = 25 [My (A% ) + AL (A'w) (2.6)
X(A M ALA @) + My (AL X 206,)]

Where,

M; Inertia matrix of the rotor of the i" joint

vi  Coefficient of the viscous friction torque acting on the rotor around the joint axis zi.;
Aj'  Rotation matrix

M Rotor inertia matrix in reference frame

7;  Torque at joint input

Tsi The sensed torque along the z axis at the joint output

6  Joint position

wi  Angular velocity

Zp  Unitz vector [001]"

Joint specific terms are evident in the model while link specific terms are contained in the torque
measurement along the axis of rotation. With the exception of the nonlinear term fi, the elements of Eq.

(2.1) depend only on values of the i" joint.

In later sections, the goal will be to develop a controller that will produce u;, the control input, that will
stabilize a joint described by Eg. (2.1). If ti=u;, the control input, then Eq. (2.1) can be solved in terms

of the sensed torque.

Tg = _miéi _Viéi -fity 2.7)
where

Tg =Ty +f, (2.8)
and

T4 =-m6, —v,6, +u (2.9)

In section 2.4, exact knowledge of the term 7, is assumed to derive a stabilizing control input for the

system. In section 2.5, the robustness of the system to inexact knowledge of 1 is discussed.

2.3 Virtual passive dynamic control

The controller design technique used in section 2.4 is similar to the passive dynamic control technique
presented in Juang[51]. This technique is based on the concept that a mechanical system can be
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represented by a second order system with inertial, damping and stiffness related parameters. An active
feedback controller can be designed with its dynamics equivalent to a mechanical system. The resulting

controller is
HuXc + HpXe + HiXe +9(ys) =u (2.10)

where y; is the measured system output, g is a user defined function, x. is the controller state vector of
dimension n., and Hy, Hp, and Hy are the controller mass, damping, and stiffness matrices respectively.
These matrices are design parameters and can be chosen to meet performance and stability requirements.
The function g is an arbitrary function of the measured system output, ys. These outputs can be system
states or combinations of system states.

The Lyaponov proof of the stability of the chosen control law will depend on the rate of change of the
system kinetic energy. Let T be the total kinetic energy of a mechanical system (linear or nonlinear) with p
control actuators at p physical locations described by p generalized coordinates x, and p control inputs ui ,
i=1,2,....p. These generalized coordinates and their derivatives are physical quantities of the system. If a
mechanical system is holonomic and scleronomic (no explicit time dependence), a basic result of analytical

mechanics [53] that relates the time derivative of the total kinetic energy to the applied forces is:

dT T-
—=u X 2.11
dt a (2.11)

where Xa = (Xa1,Xaz,.-. Xap) -
Choose the Lyaponov candidate function to be of the type:
L =T+0(Xa, Xa: Xc: Xc) (212)

where q is an arbitrary function of the actuator and controller states and their rates. Taking the time
derivative and substituting Eq. (2.11) yields,

dL . . o Lo
= U K A0 X Ko X K o) (2.13)

If the control inputs, u;, are designed to cause the rate of change of the Lyaponov function to be negative,
the stability of the system is guaranteed by Lyaponov stability theory. This stability implies a constant

decrease in the kinetic energy of the system.
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Remembering that u is a function of system outputs, states, and controller states, it can be designed to
cancel out and combine with terms in the derivative of the Lyaponov candidate function to result in an
equation of the following form:

d—::—x;oxa—ng(xa,xa,xa,xc,xc,xc) (2.14)

Where R is a linear function and D is a matrix involving the system damping. The desired function which
implies a constantly decreasing Lyaponov function is,

d—'t‘ = =X} DX, — X DeX, (2.15)

that can be obtained by making the equality,
R(Xas Xar Xas o Xer %) = DeXe (2.16)
The controller state can be calculated using Eq. (2.16) and substituted into Eq. (2.10) to determine the u;

required to maintain the Lyaponov stability condition.

2.4 Torque Feedback

The goal of this section is to provide a Lyaponov stability proof for using virtual passive dynamic control
with torque sensor feedback to stabilize a system. For simplicity of the proof, let the quantity 7. be known
exactly. Inexact knowledge of 7 and its relationship to 7 will be dealt with in section 2.5. Choose the
Lyaponov function similar to Eq. (2.12) with x,=6. A candidate Lyaponov function for the stability proof

is:

1. . . . . 1
L :T+E(Xa+xc)-r Kerz(Xa+Xc) +EX(-)I-KCXC (2-17)
M,, =diag(my,...my) (2.18)

Where K, and K. are design matrices and M, represents the rotor inertia along the z axis of joints in the
system. Differentiating (2.17),

S =Ty (i 5)TK M + ) + K, 219
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Now, select the control input u to be a function of 1y, the controller state vector, the rotor inertia, and the

controller design matrix K, such that

u= KrTx - KTMrzi.(c + KTVXC
V =diag(vy,...,Vp)

Ty =diag(Tyg, . Typ)

where Ty is defined in Eq. (2.9). Substituting the equation for 17y into Eq. (2.20) yields
u=-K, M, (X, +X;) = K;V(X, = X;) + K,u

Let,
Re= (1=K 7Ky

Substituting (2.24) into (2.23),

u= _Rerz(y(a + Xc) - R[V(Xa - Xc)

(2.20)
(2.21)
(2.22)

(2.23)

(2.24)

(2.25)

If R,V and R,M,, are chosen symmetric, replacing u in the time derivative of the Lyaponov function Eq.

(2.19) produces:

dL . . ) ) }
E = _(Xa + XC)T RTMera - (Xa - XC)T RTVXa
+ (Xa + i.(C)T R‘[MI‘Z().(a + XC) + ).((-)I—KCXC
Canceling terms and reformatting,
% = —xJ R VX, + X! RVX,
+ Xg— RT Mrz(;(a + XC) + XZKCXC
or
&= KRV, + K [RVK,
+ RTMI’Z(;(E! + XC) + KCXC]

(2.26)

(2.27)

(2.28)
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Now, define the following equality
RTVka + RTMrz(i'(a + Xc) + chc = _Dckc (2-29)
where D, is a symmetric and positive-definite matrix. This equality produces a set of equations that

calculate the controller state vector as a function of the sensed torque. Substituting Eq. (2.29) into Eq.

(2.28), the time derivative of the Lyaponov function becomes:
d—: = xR V&, - XI Dk, (2.30)

This function results in a constantly decaying Lyaponov function if R,V and D, are chosen to be positive
definite and x. is calculated using a reformatted version of Eq. (2.29),

Rerz;(c + DC)-(C + KCXC = _Rr(Mrzi.(a +V)-(a) (2.31)

Since only 1y is known, substitute Eq. (2.9) and Eq. (2.22) into Eq. (2.31) and add R,u to both sides to
replace dependence on measured joint acceleration and velocity with T,

RTMrzil(c + Dc).(c + chc + Rru = RTTX (2'32)
Using Eq. (2.32) and Eq. (2.20), the control input required to stabilize the system can be calculated as:

u=RT, - RTMrz[(Rerz)_l(_Dc).(c - chc)
+M2T,)] + R VX, (233)

If R, and M., are invertible, as they should be since R, can be chosen positive definite and M, is the full
rank diagonal joint rotor inertia matrix, Eq. (2.33) reduces to:

U= (RV+ D)X, +KeX, (2.34)

Although the torque sensor related term cancels out of u, the control input is not independent of T, becau

se

T, is used to form x. and its derivative. With 1, as the input, u’ as the current torque command, and u as

the output, the control signal required to stabilize the system can be calculated by the following set of

linear equations.
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u=[K, RV+ DC]aE (2.36)

2.5 Stability robustness

The previous Lyaponov proof concentrated on a non-directly measured value, T, instead of the directly
measured term, Ts. It was also assumed that no modeling errors were present and that the nonlinear term,
fi, was calculable. If the joint in question does not have a position sensor and/or the controller did not
have information from other joints, the nonlinear term is not calculable. If additive modeling errors are also

present, the joint model becomes:
u = (m + )8, + (v, +7,)8 +Tg +f; (2.37)
Reformatting and solving for 7 and treating f; as an error,

Tg =Ty —§ (2.38)
g =M +6, +1, (2.39)

From Eg. (2.39), it can be seen that if the kinetic energy in the joint declines, then the effects of the
additive error terms are reduced. The magnitude of these errors should never be very high because the m;
term, which represents the rotor inertia along the z axis, should be known precisely from the motor
manufacturer and v;, the viscous friction term, while not easily modeled precisely can be closely
approximated by a simple linear model. Since higher frictional forces enhance the dissipation of energy,
stability will not be effected if the modeled friction is less than the actual friction. Due to the low relative
magnitude of these errors, they can be considered disturbances and do not effect the overall stability of the

system.
For the i" joint, it is evident that the additive errors will decline with the kinetic energy of the system, but

it is not evident that the f; term shares this property. The fi term represents the dynamic effects of moving
the joint through space. Each term of f; is multiplied explicitly by the angular acceleration or the angular
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velocity of the i or (i-1)" link. If the base frame’s angular acceleration and velocity are zero, Eq. (2.4) and
Eqg. (2.5) can be rewritten as:

i
w; = nzﬂ Zn—lgn (2-40)

_ .o .o .
W =) Z,46, + DE Z,.416, Ex (z46) (2.41)
=1

n=.

[

The z axes in Eq. (2.40) and Eq. (2.41) are in base frame coordinates. The angular acceleration and
velocity will decline as joint Kinetic energy is dissipated because all terms in angular acceleration and
velocity equations are multiplied by joint acceleration or velocity. Since all terms of f; are multiplied by
the declining angular terms, f; will also decline with kinetic energy. An argument must still be made that
the controller will remain passive during the disturbance caused by the nonlinear dynamic effect.

With the non-moving base frame assumption, the first joint has no nonlinear term because the first joint is
not moving through space. Ultilizing the previous discussion on the robustness to parameter error, the first
joint will remain dissipative. As the first joint dissipates its kinetic energy, the components of the
nonlinear terms in later joints in the kinematic chain are lowered. The nonlinear term of the second joint
in the chain only depends on the motion of the first and second joints. If the motion of the first joint tends
towards zero, only an increase in the velocity or acceleration of the second joint can cause the nonlinear
term to increase in magnitude. In view of Eq. (2.6), the equation for f;, the terms involving the velocity
and acceleration of the second joint are in squared relationships and are multiplied by the full rotor inertia
term, M. Due to the size of practical rotor inertias and link velocities, these numbers can be considered to
be of the same order of magnitude as the parameter errors and treated as a disturbance. Therefore, the
second joint will remain dissipative. As the kinetic energy of the first and second joints decreases, the
nonlinear effect on the third joint decreases. This argument can be continued for n joints. Note that the f;
term does not necessarily need to be treated as an unknown disturbance if the necessary sensing required to

calculate it is available.

The previous arguments contend that the e; term is small for a real system. Since ¢; is based on physical
parameters, it is bounded. The control system parameters can be tuned to deal with this bounded
disturbance and maintain system stability. In addition, if stability is maintained, due to the dissipative
nature of the controller, the e; term will be reduced as the kinetic energy dissipates. With this argument,
the e; term can be ignored in the 1 model. With these changes, 7 can be modified to be approximately
T and used to calculate the stabilizing control input.
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The stability of the system is not only effected by disturbances that decay with kinetic energy. Sensor
noise and unknown torque bias between the torque input and torque sensor output can be problematic.
These errors will cause the control system to believe that the motor is rotating at a different velocity and
acceleration. System noise will cause movement about the zero kinetic energy point as the signal to noise
ratio decreases. Sensor bias will lead to the inability of the system to reach the zero kinetic energy point.
In both cases, assuming reasonable error levels, as the system kinetic energy increases due to controller
error, the signal due to the real motor parameters increases. The higher signal to error ratio then allows the
controller to move back towards zero energy. Depending on the controller gains, the magnitude of the
error, and the duration of the error, this reaction can lead to unstable behavior. Unfortunately, due to the
low signal magnitude for real motors and the reduction of signal magnitude as energy decreases, the small,

non-dissipating errors can adversely effect performance.

2.6 Extension to Geared Joints

The extension of the stability theory to a geared joint is reasonably straightforward. The motor model now

considers a gear ratio, n;, and a geartrain viscous friction term, v;°,

Ti =MBig+ T +vfg + -+ L1 (2.42)

n; n, ni2

Note that nonlinear geartrain properties such as backlash and hysteresis will be discussed later in this
section. The 64 terms in the geared joint model refer to the motor side of the joint, not the link side.
Because the sensed torque is physically on the link side of the geartrain, its value are divided by the gear
ratio. The nonlinear term is also divided by the gear ratio because its value is composed entirely on joint,
not motor, output terms. Due to being on the reduced speed and torque side of the geartrain, the geartrain
friction term is divided by the square of the gear ratio. The Tt term can be recalculated for the geared joint

as:

.. ,G .
TSi = _ni mi Qig _(niVi +Vn|_)6ig - fi + ni ui (243)
i

Changing to link coordinates, 84=n;6.

TSi = _n|2m|0| —(niZVi +VIG)9| - fi +niUi (244)
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As before, a 1, term can be introduced in the 7, equation.

Tq =0Ty~ f (2.45)
T, =-m8 v, £ (2.46)
n
e
VR =y 4 (2.47)
n

By simple substitution of vi** for v; and multiplying the input torque by a constant in the Lyaponov

stability proof in section 2.4, it can easily be seen that the proof holds for geared joints.

The robustness arguments of section 2.5 can be extended to the geared joint. The magnitude of the
additive rotor parameter errors are multiplied by the same squared gear ratio constant as the nominal rotor
parameters. The relative magnitude of the nonlinear term has been reduced by the gear ratio. Since the
relative magnitudes of these disturbances with respect to the dominant terms have remained unchanged or
been reduced, the robustness arguments from section 2.5 still hold. Likewise, the same friction
approximation arguments made for v; in the direct drive joint case also apply to the vi* term.

Some nonlinear geartrain effects will be seen by the torque sensor. Geartrain backlash will show up as a
discontinuity in the torque sensor output about zero torque. Its effect on system stability will depend on
the duration of the zero torque output while the geartrain unloads and loads, and the magnitude and its rate

increase in output torque when the geartrain loads.

Geartrain hysteresis will not be seen by the torque sensor but will effect the joint model. The hysteresis
effect implies that more effort is required to drive the geartrain in one direction than in the other. This effect
manifests itself in the inability of the joint to be driven back to its initial starting position using the inverse
of the control input required to move it away from the starting position. This effect can be considered a
bias on the geartrain viscous friction term, vi°, that varies with the direction of joint motion. In the geared
system, this offset is proportionally reduced by the square of the gear ratio. As a result, although an
unmodeled, variable friction term is added by the hysteresis, that unknown friction torque is disadvantaged
by the geartrain. In addition, if the hysteresis friction increases total friction it will add the dissipative
nature of the system, thus enhancing stability.
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2.7 Simulation

The controller described in section 2.4 was simulated to test the stability robustness of the system. A
planar, 3 degree-of-freedom robot arm, shown in Fig. 2.2, was used as the plant. Table 2.1 details the

parameters of this robot arm. The quantities a, a, d, and 8 are Denavit-Hartenberg robot parameters[58]

which describe the robots kinematic configuration. The motor parameters were taken from real brushless

DC motors.

Figure 2.2: Planar 3-DOF robot

Table 2.1: Robot physical parameters

Parameter Joint 1 Joint 2 Joint 3
a 0 0 0
a 1.0m 0.8m 0.4m
0 0 0
6, 6, 0;
link mass 19.4kg 15.1kg 8.0kg
motor mass 5.6kg 4.9kg 4.0kg
link inertia (1;) | 1.6167N-m- | 0.8053N-m- 0.1067N-
§? s? m-s’
motor inertia 0.00128N- 0.00112N- 0.00091N-
Mr,) m-s’ m-s’ m-s°
motor viscous 0.00024N- 0.00019N- 0.00016N-
friction (V) m-s m-s m-s
Maximum 38.3N-m 32.4N-m 26.5N-m

motor torque
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The robot link dynamics were simulated using a set of dynamic equations generated by Robotica[60], a
Mathematica based robot kinematics and dynamics generation package. Those equations were converted to
a Matlab script and simulated using Matlab and Simulink. The joint simulation was independent from the
link simulation. The joint simulation accounted for the effects of the motor and geartrain producing the
output torque for the torque sensor and the link simulation. The controller was implemented as a set of
state space equations detailed in Egs. (2.35) and (2.36).

At the start of the simulation, the robot joints were positioned at [-0.8 -0.5 1.3] radians and were not
moving. This was the initial starting position for all zero gravity simulations. To create an initial velocity
and acceleration condition for the controller, the robot was given a constant joint torque input of [17 5 0.8]
N-m for 0.2 sec. During this 0.2 sec period, the controller inputs were connected to the system but its
output was not. At 0.2 sec, the constant joint torque was turned off and the controller output connected to
the robot.

2.7.1 Simulation 1

This simulation utilized perfect knowledge of M, and V. The nonlinear term, fi, was not considered in the
plant or controller for this simulation. The simulation was in zero gravity. Figures 2.3-2.5 show the time
histories of the joint velocities, joint accelerations, and the motor inertia and friction torques. The
controller quickly dissipated the joint kinetic energy. Figure 2.5 shows the difference between the
commanded and sensed torque values. This difference results from the transmission loss caused by the
inertia and friction of the motor. This loss is what is used by the controller to determine the energy in the

motor. The small size of this loss accounts for the large K, gain required to quickly dissipate the energy.
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Figure 2.3: Joint velocities: exact joint Figure 2.4: Joint accelerations: exact joint
model model
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2.7.2 Simulation 2

Joint Torque (N-m)

I
o
o

0.5

=)

— Joint 1
-~ Joint 2
— - Joint3

. .
3 4 5 6
Time (sec)

Figure 2.5: Motor inertial and friction torques

This simulation considers controlling a system that is not exactly known. Figures 2.6-2.8 show the effect

of having 10%, 20%, and 40% errors in the parameters of the motor model. The error on the second joint

was added in the direction opposite to the first and third joint’s errors. The percentage error used was the

same for both the motor inertia and the motor friction. The nonlinear term was ignored in both the

controller and plant. Although the parameter errors do effect the performance of the controller to a small

extent, the system still remains stable. The small change in the system response is interesting. This

small change implies that the controller has a high parameter error rejection capability. The error in

commanded torque caused by the 20% parameter error can be seen in Fig. 2.9.
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2.7.3 Simulation 3

3
Time (sec)

Figure 2.9: Torque error caused by 20%

parameter errors

This simulation considers the nonlinear term, f;, in the plant model. The controller model, as it will with

all simulations, does not include the nonlinear term. For a planar manipulator, this nonlinear term is a

function of only the rotor inertia and the joint accelerations of the i-1 preceding joints in the kinematic

chain. The nonlinear velocity terms drop out due to the parallel z axes of the link frames. An exact model

is assumed in Fig. 2.10 and a model with 20% parameter errors is considered on Fig. 2.11. The inclusion

of the nonlinear term in the plant does slow the convergence rate of the controller to the zero kinetic energy

state. The torque error caused by ignoring the nonlinear term can be found in Fig. 2.12. The performance

of the controller ignoring the nonlinear term shows the stability robustness of the system with regards to

this term. The magnitude of the nonlinear term, even in the simple planar model considered, is significant.

If the robot has a fixed base, as it did in this simulation, then the first joint has no nonlinear terms.
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Figure 2.12: Torque error produced by nonlinear term

2.7.4 Simulation 4

This simulation considers a realistic situation of having parameter errors, the nonlinear term, and sensor
noise. Figure 2.13 shows the effect of noise on the system. The response of a noise-free system of the
same type can be seen in Fig. 2.7. The noise does not decay as kinetic energy decays. As a result, at low
energy state, the noise dominates. As the system gains energy due to controller error caused by the noise,
the magnitude of the inertial and friction related terms increase and the controller moves the system back
towards zero energy. Due to the small size of the dynamic effects that are being considered, the noise levels

that produce the signal to noise ratio in Fig. 2.14 are small. The signal to noise ratio and the magnitude
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of the additive noise can be found in Figs. 2.15 and 2.16, respectively. The signal to noise ratio, by

averaging approximately Odb after an initial peak, implies that the magnitude of the signal is very close to

the magnitude of the noise in this simulation. Torque sensor data will need to be heavily filtered to give

acceptable response at low joint energy levels. To give the results shown in the simulations, the controller

gains were high. Lower controller gains should lead to better noise rejection.
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Figure 2.15: Magnitude of noise added to sensed torque

2.7.5 Simulation 5

This simulation looks at the effect of gravity on the controller response. A model with parameter errors and

the nonlinear term but without noise is considered. To introduce another nonlinear effect, the motor torque
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limits, although increased, are not raised enough to keep the motors from saturating. Figures 2.16-2.18
show the controller response to different gravity loadings induced by different starting positions. The same
initial starting torque was used in the gravity simulations as was used in the non-gravity simulations. The
torques were not designed to compensate for gravity. As a result, the system accelerations are much larger
than in the zero gravity case at the end of the 0.2sec startup period. The torque saturation of the joint
motors during the simulation shown in Fig. 2.18 can be seen in Fig. 2.19. Although not shown, all three
initial positions resulted in some joint motor saturation. To show how the response would be improved if
the motors did not remain saturated much of the time, the simulation with initial position [0.8 0.0 0.5]
was recalculated with a torque limit four times higher than the previous simulation. The results are shown
in Figs. 2.20 and 2.21.
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2.7.6 Simulation 6

This simulation details the effect of adding a 100:1 gear ratio into the system. To maintain some equity
with the direct drive results presented earlier, the motors in the geared simulations have been reduced to
keep the maximum torque output the same as in the direct drive simulations. For realism, these smaller
motors also have smaller inertial and friction parameters as shown in Table 2.2. The mass of the smaller
motor and the geartrain are assumed to be equal to the mass of the direct drive motor. The gains were
changed to reflect the lower motor torque output required by the geared system, the different motor inertial
and viscous terms due to the change in motor parameters, and the motor speed increase caused by the
gearing. Some of the previous simulations done for a robot with direct drive joints were repeated for a gear
drive robot with an ideal geartrain (no geartrain viscous friction, hysteresis, or backlash).

The case using exact model and no nonlinear term is shown in Figs. 2.22 and 2.23. The nonlinear term is
then included and some results are shown in Figs. 2.24 and 2.25. The effect of the nonlinear term on the
system is less significant in a geared system because the nonlinear term is based entirely on link velocities
and accelerations. Errors in the linear joint parameters will also exist in the geared model (see Fig. 2.26).
Although these errors will be magnified by the higher motor speeds and accelerations, they have the same
relative magnitudes to the nominal parameters as in the direct drive system. The numbers here will be
slightly different than in the direct drive simulations because the geared motor parameters are not exactly
1/100th the parameters of the direct drive motors. A realistic system will also have sensor noise. As
shown in Figs. 2.27-2.29, the geared simulation will be better able to handle sensor noise in that the noise
occurs on the link side of the system and is thus disadvantaged by the gear ratio. Given identical motor
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parameters, this advantage can be quite dramatic. In this simulation, the geared simulation is able to
handle a factor of 10 times higher average noise power and give a similar response to the direct drive
simulation even with the smaller motor inertial and friction terms in the geared joint. Gravitational effects
can also be handled by the controller as shown in Figs. 2.30 and 2.31. As in the direct drive simulation,
the system accelerations are higher due to the initial condition torques inability to overcome gravity. The
same gains were used for the gravity simulation as were used for the zero gravity simulation. The motors
saturated at the torque limits in both simulations. The torque limits were raised in the second plot to
reduce the time in saturation.

Table 2.2: Gear drive motor parameters

Joint 1 Joint 2 Joint 3
Motor inertia
Mp) 1.6x107N-m-s? | 1.9x10"N-m-s® | 2.7x10"N-m-s?
motor viscous
friction (V) 2.0x10"N-m-s | 8.8x10°N-m-s | 4.0x10"N-m-s
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Figure 2.30: Joint velocities: Gravity
loaded with nonlinear term and 20%
parameter error

2.7.7 Simulation 7

Figure 2.31: Joint velocities: Gravity
loaded with nonlinear term, 20%
parameter error, and 4x joint torque

limits

The previous simulation dealt with an ideal geartrain. Now, real geartrain effects will be considered. First,
geartrain viscous friction will be considered. The geartrain viscous term is selected to be [0.005 0.004
0.002] N-m-sec. The simulation was done without gravity. Adding a geartrain friction term changes the
equivalent friction between the motor input and the torque sensor. As a result, the controller gains will be
modified for the new system.
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Figure 2.32: Joint velocities: Geartrain Figure 2.33: Joint velocities: Geartrain
viscous friction with nonlinear term, with hysteresis, non-linear term, and
20% parameter error on all parameters 20% error on all parameters

Figure 2.32 shows better performance with the geartrain friction than Fig. 2.26 did with ideal geartrain.
This simulation accomplished this performance with lower controller gains. These lower gains imply less
noise sensitivity and lower power consumption. The geartrain friction enhances the stability of the system
by causing energy to dissipate quicker. Another geartrain effect is hysteresis. Hysteresis manifests itself in
making the geartrain harder to turn in one direction than in the other. This implies that the geartrain
viscous friction is different in different directions. To show the hysteresis effect (see Fig. 2.33), the usage of
a constant viscous friction coefficient was replaced by a constant that is half as high as in the negative
direction than in the positive direction. The controller model still assumes a constant viscous friction term
in both directions. This reduction decreases overall friction, which should result in slightly worse
performance.

Hysteresis and viscous friction terms are well behaved terms that decay with the velocity of the system.
Backlash is a hard discontinuity in the torque sensor output. This type of nonlinearity can cause problems
for most controllers. The stability of the passive dynamic controller detailed here is not guaranteed during
backlash.

The model of backlash used in the following simulation was simplistic. The simulation waits for a change
of direction in the motor input torque. When the direction change occurs, the torque output is set to zero.
The motor is then considered to have a different velocity than the link, but initially its velocity is the
link’s velocity multiplied by the gear ratio. The motor’s velocity will be independent of the link until it
moves enough to contact the geartrain again. The gap between geartrain contacts was chosen to be

approximately one degree. The motors movement during the time when it is not in contact with the
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geartrain is represented by Eq. (2.48). When the motor contacts the geartrain, the output torque returns
instantaneously to the normal, geared motor torque for the non-backlash system.

6=M> (2.48)

Due to the discontinuous torque outputs, the controller gains were changed for this simulation. The
damping gain, D, reacted badly to what it perceived as a large velocity change at the discontinuity. As a
result, the D, gain was reduced. The K, gains were lowered to prevent large control signal changes at the

discontinuity.
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Figure 2.34: Joint velocities: Geared joints Figure 2.35: Joint torques: Geared joints
with backlash with backlash

2.7.8 Simulation 8

This simulation deals with a torque bias. The bias in this situation is defined as a constant error in the
torque sensor output or in the input command. Either of these situations effects the magnitude of the
difference between the torque input and the sensor output which is the interesting quantity for the controller.
In some of the previous simulations, errors due to bad joint parameters or ignoring nonlinear terms were
considered. These quantities decreased as system acceleration and velocity decreased. The simulations
that included noise did have stability problems as the signal to noise ratio decreased. The sensor bias
errors can also induce instability as the signal to error ratio decreases. Figures 2.36 and 2.37 show direct
drive simulations with constant bias terms of different magnitudes. The differing magnitudes can lead to a
steady state error or instability. Gear driven joints will have similar problems. The main difference is that,
considering biases of equal magnitudes, the system will be more sensitive to a joint input bias than to a
torque sensor bias because the magnitude of the torque sensor bias will be reduced by the gear ratio.
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2.8 Summary

A control technique to stabilize a robot system using joint torque feedback and a joint model was
presented. A Lyaponov stability proof for this method utilizing the passivity of a dynamic system was
presented and the stability robustness of the technique discussed and shown in simulation. Given good
joint torque sensor data, the system provides good stabilization performance with large parameter errors and
treating nonlinear dynamic effects as a disturbance. If sensor data contains bias errors, noise errors, or

backlash, then, depending on the magnitude of the signal to error ratio, the system can become unstable.

Chapter 3 will describe a series of experiments used to confirm the theoretical properties of the virtual
passive torque controller. This chapter has concentrated on stability robustness to modeling errors, treating
the nonlinear term as a disturbance, and the inclusion of geartrain effects using a simulated 3 degree of
freedom planar robot with a simple dynamic model. The goal of these simulations was to prove the
concept of the virtual passive controller and indicate possible problems that would be encountered in a real
system. In the next chapter, three wrist joints of a 7 degree of freedom revolute manipulator will be
controlled using the virtual passive controller. The usage of the virtual passive controller with a position
controller for position tracking along with the practical implementation of the control system will be
discussed. The goal of the experiments in chapter 3 is not to replicate the simulations in this chapter. The
experimental goal is to show stability robustness properties similar to those simulated and explore real-
world stability and performance issues.
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